We performed a comprehensive study on the La 1−x Ca x MnO 3 / SrTiO 3 : Nb junctions with different hole content and film thickness. It is found that the interfacial barrier, which determines the physical properties of the junctions, shows a strong dependence on crystallographic orientation, and it is substantially higher for the ͑110͒ than for the ͑100͒-orientated junctions. The difference in barrier height is further found to exhibit a systematic variation with Ca content and film thickness ͑t͒. It reduces from ϳ0.09 to 0.02 eV for a x increase from 0.1 to 1 with a fixed t = 200 nm, and experiences a growth by ϳ0.06 eV corresponding to the variation in t from 10 to 160 nm for a constant x = 0.33. Similar phenomena have been observed in the La 0.67 Ba 0.33 MnO 3 / SrTiO 3 :Nb junctions. In the scenario of different polarity mismatches at the ͑100͒ and ͑110͒ interfaces in the two series of junctions, these results can be qualitatively understood. © 2010 American Institute of Physics. ͓doi:10.1063/1.3447797͔
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Manganite-based heterojunction is a typical example of doped Mott insulators. It exhibits diverse features that are absent in conventional junctions, such as magnetic fielddependent rectifying characteristics and photovoltaic effects. [1] [2] [3] As well established, the properties of the manganite junction is exclusively determined by interfacial barrier ͑IB͒ which is sensitive to interface state, both structural and electronic states. There are intensive efforts to adjust the rectifying behaviors of the junction by modifying interface, for the purpose of either fundamental research or practical application. It has been found that the tensile stress in the manganite film, imposed by substrate, can cause an obvious decrease in the height of the IB. 4 An intermediate layer with a thickness a few unit cells is also found to significantly affect the IB. 5 Particularly, even the crystallographic orientation of the substrate has a strong effect, and a reduction of ϳ0.1 eV in the IB height can be resulted when the film plane changes from ͑100͒ to ͑110͒. 6 These results are interesting in a sense that they demonstrate the great potential of the structural degree of freedom at the interfaces in modifying perovskite heterojunctions. However, work on the influence of interfacial structure is very limited at present, sometimes only special cases are considered. For example, the SrTiO 3 : Nb substrates involved in the junction previously studied have been processed at high temperature in high vacuum. 6 This may cause an aggregation of the Nb atoms on the surface of the substrate, thus an unusual junction interface. Moreover, the manganite has a constant Sr content of 0.4. Different hole content may lead to different interface states, thus different orientation dependences. Based on these considerations, in this letter we have performed a comprehensive study on the effect of crystallographic orientation for the La 1−x Ca x MnO 3 / SrTiO 3 :Nb ͑LCMO/STON͒ junction with a Ca content between 0 and 1. The IB is found to show a strong dependence on crystallographic orientation, and it is substantially higher for the ͑110͒ than for the ͑100͒-orientated junctions. A systematic variation in the barrier difference with the hole content ͑x͒ and film thickness ͑t͒ of the LCMO is further detected. Similar behaviors are observed in the La 0.67 Ba 0.33 MnO 3 / SrTiO 3 :Nb ͑LBMO/STON͒ junctions.
LCMO-based junctions were fabricated by growing, via the pulsed laser ablation technique, LCMO films with the Ca content of 0, 0.1, 0.2, 0.33, 0.67, 0.75, and 1 on the ͑001͒ and ͑110͒-orientated STON substrates, respectively. During the deposition, the temperature of the substrate was kept at 720°C, and the oxygen pressure at 10 Pa, for x = 0, 30 Pa, for x = 0.1, 50 Pa, for x = 0.2, and 80 Pa, for x Ն 0.33. The film thickness is t ϳ 200 nm, controlled by deposition time. For the optimal doping level x = 0.33, two series of junctions with the film thickness ranging from t = 5 nm to 200 nm were further prepared, respectively, on two kinds of substrates. For a comparison study, the LBMO/STON junctions with different film thickness were also prepared.
The lateral size of the junction is 1 ϫ 1 mm 2 , fabricated by the photolithographic and chemical etching technique. As electrodes, two copper pads were deposited on LCMO ͑LBMO͒ and STON, respectively, and the contact resistance is ϳ15 ⍀ for the Cu-STON contact and ϳ200 ⍀ for the Cu-LCMO ͑LBMO͒ contact. Lasers with a wavelength between 532 and 980 nm were used in the present experiments. The spot size of the laser is ϳ1 mm in diameter. Photocurrent, I P , yielded by laser illumination was acquired at the ambient temperature by a Keithley 2611 SourceMeter.
As expected, I P exhibits a strong dependence on photon energy, and the typical value for the ͑100͒ LCMO/STON junction of x = 0.33 and t = 160 nm is ϳ42.5 nA/ mW for a laser of 532 nm and ϳ9.5 nA/ mW for a laser of 780 nm. In contrast, the photovoltaic effect in LBMO/STON is much strong, and the corresponding photocurrents are ϳ195.7 and 25.3 nA/mW. Probably due to the variation in diffusion length of the excited charge carriers, the photocurrent for a fixed wavelength of, for example, 532 nm, shows a remarkable dependence on Ca content, decreasing from ϳ72.9 to 0.8 nA/mW as x grows from 0.1 to 1.
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As well established, the information about the IB can be extracted from the internal photoemission spectra. According to Fowler, 7 there is a simple relation between the quantum efficiency R of the photoemission process, proportional to the photocurrent yielded by each photon, and photon energy:
where hv is the photon energy and ⌽ B the height of the IB. A direct calculation shows that the depletion layer mainly develops in STON. As a result, LCMO͑LBMO͒/STON can be well approximated by a Schottky junction, and the Fowler equation should be valid. Figure 1 shows the square root of the quantum efficiency as a function of photon energy for the LCMO/STON junctions ͑t = 200 nm͒. Satisfactory linear R 1/2 − hv relations are obtained for all of the samples, indicating the presence of a definite IB in the junction. With the increase in Ca content, the R 1/2 − hv slope decreases and the x-axis intercept of the R 1/2 − hv curve shifts to high energies. The former could be a consequence of the enhanced annihilation of the extra carriers with the increase in x and the latter is a signature of the growth of ⌽ B . Two distinctive features can be identified from the data in Fig. 1 . The first one is the monotonic increase in the barrier height with x and the second one is the considerable difference between the IBs of the two differently orientated junctions. From a first glance, the IB is higher in the ͑110͒ than in the ͑100͒ junctions. This is particularly obvious when the Ca content is low, and the typical ⌬⌽ B is ϳ0.1 eV, occurring for x = 0.1. It could be a general feature of the manganite junctions noting the fact that similar phenomenon is observed in the LBMO/STON junctions as will be shown below. These results are different from those reported by Minohara et al. 6 To get the further information on the effect of substrate orientation, in Fig. 2 we present the R 1/2 − hv relations for the ͑100͒ and ͑110͒ junctions with a constant hole content x = 0.33 but different film thickness. An evolution of the orientation dependence with film thickness is evident. The difference in the IB is small in thin film junctions, and grows as t increases. Essentially the same behaviors are observed in LBMO/STON, though LBMO is different from LCMO in a sense that it has a different lattice strain. Figure 3͑a͒ exemplifies the IB height as a function of Ca content for the LCMO/STON junctions. When Ca content is low, ⌽ B is ϳ1.32 eV for the ͑110͒ junction and ϳ1.22 eV for the ͑100͒ junction. It keeps nearly constant with the increase in the Ca content until x ϳ 0.67, above which a rapid growth occurs with further increasing x. ⌽ B grows at different rates with t for the ͑100͒ and ͑110͒ junctions ͓Fig. 3͑b͔͒, which leads to the rapid growth of ⌬⌽ B . It is worthwhile to note the correspondence between the ⌽ B − t and ⌬⌽ B − t curves; ⌬⌽ B develops as ⌽ B rises.
To get a clear picture of the effect of Ca content and film thickness on the IB, in Fig. 4 we present the ⌬⌽ B − x and the ⌬⌽ B − t relations for the LCMO/STON junctions. When film thickness is fixed to 200 nm, ⌬⌽ B shows a strong dependence on Ca content. It is ϳ0.1 eV when x = 0, slightly decreases with x for x Ͻ 0.67, and falls swiftly with a further increase in x. In the case of x = 0.33, ⌬⌽ B is small in thin film junctions, increases rapidly as t grows, and saturates at a value close to ϳ0.1 eV for t Ͼ 80 nm. These results clearly demonstrate the close relation between the orientation effect and the Ca content/film thickness.
The orientation effect observed here cannot be explained by the simple Schottky-Mott model, the latter proposes an exclusive relation between the IB and the difference in the bulk work function of the metal and the bulk electron affinity of the semiconductor. The classical Fermi-level pinning mechanism based on the surface states of semiconductors does not account for the experiment results either. Because of the lattice mismatch between the films and the substrates, lattice stress in the former is expected to exist. As reported, lattice strains have a strong effect on IB, and a reduction in ⌽ B up to 0.13 eV can be induced by tensile strains for the LCMO/STON junctions. 4 This seems to suggest a higher IB in the ͑110͒ junctions since the ͑110͒ films are less strained than the ͑100͒ ones. However, the orientation effect observed here cannot be exclusively ascribed to lattice strains. As we know, the lattice stresses are tensile and compressive for the LCMO and LBMO films, respectively. This implies a reverse IB change for the two series of junctions, which is inconsistent with the experimental results.
To account for the buffer layer-induced change in the IB height of the La 0.7 Sr 0.3 MnO 3 / SrMnO 3 / STON junctions, a model of interface dipole has been proposed by considering the polarity mismatch at the interface. 8 When net interface charges exist, a polar discontinuity at the interface occurs. According to Hikita et al. , in this case extra charges due to a screening effect will appear to avoid a diverging electrostatic potential arising from the interface, yielding an effect on the IB. It was found that IB height grew by as high as ϳ0.5 eV while the SrMnO 3 coverage increased from 0 to 1.
In a similar picture, the present experiment results can be qualitatively understood. Noting that the terminal layer of the ͑100͒ SrTiO 3 is either TiO 2 or SrO, the interface will be MnO 2 / La 1−x Ca x O / TiO 2 or La 1−x Ca x O / MnO 2 / SrO, with a sheet charge density of −͑1−x͒q / +͑1−x͒q / 0 or +͑1−x͒q / −͑1−x͒q / 0, where q is the electron charge. Assuming the same population of the two terminal layers at the interface, the net effect of charge screening on IB will be negligibly small. In contrast, for the ͑110͒ SrTiO 3 , there are two terminal layers with the formulae of SrTiO and O 2 , respectively. The corresponding interfacial atomic structures will be La 1−x Ca x MnO/ O 2 / SrTiO and O 2 / La 1−x Ca x MnO/ O 2 , with the respective sheet charge densities of +4q / −4q / +4q and −4q / +4q / −4q. Considering the absence of cations, significant oxygen depleting is expected for the O 2 -terminated layer, and the actual sheet charge distribution could be −4q / +4q / −4͑1−␦͒q, where ␦ is the content of oxygen vacancies on the terminal layer of the substrate. To screen the effect of the interface polarity mismatch, −2␦q extra change will be required. As a result, the IB of the ͑110͒ junctions is enhanced. A rough estimation, referencing the result of Hikita et al., shows that to get a ⌬⌽ B of ϳ0.1 eV, the ␦ value will be ϳ0.07 assuming the population of the O 2 -layer of 1/2 at the ͑110͒ interface, that is, minor oxygen deflation can yield sizable effects.
In the presence of oxygen deficiency, the interface structure becomes La 1−x Ca x MnO ͑1−␦ Ј ͒ / O 2͑1−␦͒ / SrTiO and
where ␦Ј is the content of oxygen vacancies. In this case, a reduced ⌬⌽ B is expected because of the decrease in the extra charge to screen the polarity mismatch ͓−2␦q → −2͑␦ − ␦Ј͒q͔. This may explain the decrease in ⌬⌽ B above x = 0.67. In fact, the x-ray diffraction analysis performed for the LCMO films has revealed a deviation of the c-x relation from linearity above x = 0.67 ͓inset in Fig. 4͑a͔͒ , indicating the oxygen non-stoichiometry in the films, where c is the out-of-plane lattice constant. As for the thickness dependence of ⌬⌽ B , it may also stem from the oxygen deflation in the films. The ⌬⌽ B − t relation mimics the c − t curve ͓inset in Fig. 4͑b͔͒ , probably a signature of the simultaneous occurrence of oxygen losing and structure defects.
Development of the IB as film thickness grows has been studied by Minohara et al. for the ͑100͒ and ͑110͒-orientated La 0.6 Sr 0.4 MnO 3 / STON junctions. 6 Different from the present results, ⌽ B is found to be higher in the ͑100͒ junction than in the ͑110͒ junction. The substrates employed by Minohara et al. have been treated at a temperature as high as 1050°C in high vacuum. This may lead to, in addition to oxygen depleting, considerable aggregation of Nb atoms on substrate surface. This process could be different for the ͑100͒ and ͑110͒ substrates due to their different terminal structures. In contrast, as-polished STON substrates have been used in our experiments, which explain the different orientation effects. This work has been supported by the National Basic Research of China, the National Natural Science Foundation of China, the Knowledge Innovation Project of the Chinese Academy of Science, and the Beijing Municipal Nature Science Foundation. 
